The most extensively studied poxvirus, vaccinia virus (VAC), is a large, doubled-stranded DNA virus which replicates in the cytoplasm of infected cells and shows a significant degree of independence from host-cell functions (for a review, see Moss, 1990) . In keeping with this independence, VAC encodes its own DNA polymerase. The enzyme is a 110 kDa monomer and is essential for viral replication (Earl et a[., 1986; Traktman, 1990) .
Off virus (OV) is the type species in the genus Parapoxvirus of the family Poxviridae (for a review, see . By comparison with VAC, rather little is known of OV, The GenBank accession number of the sequence reported in this paper is U49979.
but indicators of the molecular relatedness of these two poxviruses are becoming available and a number of homologous genes have been identified (Mercer et al., 1995) . One striking difference between OV and VAC is the G/C content of their genomes: 63"5 % for OV and 33"4% for VAC. We report here the location, DNA sequence and transcriptional analysis of the OV DNA polymerase gene. The predicted amino acid sequence shows 56% identity with the DNA polymerase of VAC while the OV gene has a G/C content 30% higher than its VAC homologue.
Three degenerate oligonucleotide probes were designed based on the published sequences of a number of alpha-like DNA polymerases (Braithwaite & Ito, 1993) . One of these probes (OP 1; TAT/CGGNGAT/CACNGA) was designed to detect sequences encoding a region of amino acids conserved among most alpha-like DNA polymerases and it corresponded to amino acids 749-753 of the VAC DNA polymerase. Probes OP2 and OP3 were derived from sequences conserved between the DNA polymerases of VAC and fowlpox virus (Binns et al., 1987) . OP2 (AAA/GATA/CGAA/GTTT/ CGAA/GGC) was derived from amino acids 789-794 of the VAC DNA polymerase. OP3 (TGT/CTAT/CCAT/CTGT/ CGAT/CGA) was derived from residues 139-144 of the VAC protein.
The three probes were end-labelled using [32P]ATP and T4 polynucleotide kinase. The probes were hybridized to cloned fragments of OV DNA (Mercer et al., 1987) bound to nitrocellulose filters. Non-hybridizing material was removed by washing in 0"9 M-NaCl at 3 7 °C. Autoradiography revealed that probes OP1 and OP2 hybridized to the 2"5 kb KpnI 0 fragment while OP3 hybridized to KpnI B (results not shown). These two fragments are adjacent on the OV KpnI map (Fig. I ), suggesting that a DNA polymerase gene spanned the junction between them. I  I'~  I t~~l  I I  III  I  I II  I 10kbl[ I  I Comparison of this protein sequence with those in databases revealed similarities to a number of DNA polymerases. The highest score was to the DNA polymerase of VAC (56% identity) and its length (1008 amino acids) was very similar to that of the VAC protein (1006 amino acids). A similarly high score (55"5% identity) was recorded for the variola virus DNA polymerase (Massung et al., 1994) and there was also a high level of relatedness (45"4 % identity) to the fowlpox virus DNA polymerase (Binns et al., I987 ). Significant similarity (22"4% identity) was also found between the OV protein sequence and that of the DNA polymerase of the entomopoxvirus of Choristoneura biennis (Mustafa & Yuen, 1991) . An alignment of the OV DNA polymerase with three other poxviral DNA polymerases is shown in Fig. 2 .
Evidence of relatedness to a wide range of other DNA polymerases is illustrated (Fig. 2) by the conservation in the OV DNA polymerase of many of the amino acids widely conserved amongst the family of DNA polymerases that have homology to Escherichia coti DNA polymerase II (B family polymerases) (Braithwaite & Ito, I993) . These widely conserved residues form three motifs within the amino-terminal 3'-5" exonuclease domain and five motifs within the carboxyterminal polymerase domain (Blanco et al., 1991 (Blanco et al., , 1992 Braithwaite & Ito, 1993) . Each of these motifs is present in the OV DNA polymerase as well as in the other poxviral DNA polymerases. Four drug-resistant or temperature-sensitive mutants of VAC have been mapped to point mutations in the DNA polymerase gene (Taddie & Traktman, 1991; Traktman, 1990) . In each case, the corresponding amino acid of the OV DNA polymerase is as the wild-type VAC protein.
The sequence in Fig. I contains evidence of an OV homologue of another VAC gene. The first 67 nt have the potential to encode a peptide which is 50 % identical to the first 22 amino acids of the VAC open reading frame, E10R (Goebel et al., 1990) . In VAC, E10R is adjacent to the 5' end of the DNA polymerase gene (open reading flame E9L) and is transcribed in the opposite direction. The same orientation and a very similar spacing is evident between the OV DNA polymerase gene and the OV E10R equivalent. Both E10R and its OV equivalent begin with a TAAATG motif. We have not detected any significant DNA or protein homologies in the sequence adjacent to the 3' end of the OV DNA polymerase gene.
Transcriptional analysis of the DNA polymerase gent of OV was carried out using $I nuclease and primer-extension mapping as previously described by Fleming et al., (1991) . $1 nuclease analysis of total RNA extracted from OV-infected cells grown in the presence of cycloheximide revealed that the DNA polymerase gene is expressed early in infection and indicated transcription start points which aligned with nt 2-5 of the coding sequence. It seems likely, however, that transcription begins within the immediately adjacent TGAA ATG sequence and that the shortened fragments result from 'nibbling' by the $1 nuclease. A number of VAC and OV genes have been shown to initiate transcription within a TAAAT motif. Generally, these are late genes, but some VAC early genes also initiate within this motif, including the VAC DNA polymerase gene (Ahn et al., 1990) . Examination of the DNA sequence 5' to the OV polymerase transcriptional start site revealed a string of 16 nt (underlined in Fig. 1 ) with strong similarities in content and position (10 out of 16 nt are identical) to the consensus 'critical' region of VAC early promoters (Moss, 1994) . There is an even greater similarity (I3 out of 16 nt are identical) between the OV string and the equivalent region in the promoter of the VAC DNA polymerase (Ahn et al., 1990) .
Primer-extension analysis revealed transcripts somewhat longer than those indicated by $1 nuclease analysis (Fig. 3) . It is possible that these result from the addition of short 5' nonhomologous poly(A) leaders, as has been observed for the VAC DNA polymerase (Ahn et al., 1990) .
A 4"4 kb fragment including the coding region of the OV DNA polymerase, as well as 1"1 kb 5' of and 270 bp 3' of the open reading frame, was recombined into the thymidine kinase locus of VAC using published methods (Mackett et a] ., 1984). Attempts to demonstrate biological activity of the OV DNA polymerase in this VAC recombinant by insertional inactivation of the VAC DNA polymerase gene were unsuccessful. Similarly, when the OV DNA polymerase gene was recombined into the thymidine kinase locus of VAC mutants carrying temperature-sensitive lesions in the DNA polymerase gene (1s42 and NG26; Sridhar & Condit, 1983) , the ability to form plaques at high temperature was not restored. We have previously demonstrated that the VAC transcriptional machinery will recognize and faithfully transcribe OV promoters Vos et al., 1992) . In general agreement with those observations, $1 nuclease analysis of total RNA extracted from cells infected with the VAC recombinant revealed specific transcripts initiating six nucleotides 5' of the Note that the orientation of the map has been revised from that published previously because of homologies emerging between OV and VAC (Mercer et el., 1995) . The expanded region extends from the left end of Kpnl 0 to a Bglll site located 1.9 kb from the left end of Kpnl B. The arrow shows the position and orientation of the OV DNA polymerase gene. The nucleotide sequence beneath the map begins 909 nt within the left end of the Kpnl B fragment and extends 3396 nt to the left, Kpnl 0 and the BgllI-Kpnl fragment at the left end of Kpnl B were subcloned into H13 vectors. The DNA sequence was determined using single-stranded M13 templates and a commercial sequencing kit which incorporated Teq DNA polymerase and 7-deaza dGTP (Gene-ATAQ; Pharmacia). M13 primers were used to obtain initial sequence from which specific primers were designed. The sequence of each strand was determined with a mean redundancy of 1.5. Inferred amino acid sequences are shown in single-letter code. Transcriptional start points identified for the DNA polymerase gene by $1 nuclease ($1) and primer extension (PE) Sequencing products were derived from the recombinant M13 template and the oligonucleotide used to construct the probe and the primer (Fleming et al., 1991 ) . The arrows to the right of each autoradiograph indicate the positions of the products corresponding to the 5' ends of the transcripts.
point indicated by similar analysis of OV-derived RNA. Thus the failure of the OV DNA polymerase to substitute effectively for its VAC counterpart can probably not be accounted for by inappropriate transcription from the OV promoter but instead could be due to incompatibility of VAC accessory proteins (McDonald & Traktman, 1994) with the OV DNA polymerase. Further work will be required to determine if functional OV DNA polymerase is made by the VAC recombinant and to examine the interactions of the OV DNA polymerase with VAC accessory proteins.
The OV DNA polymerase gene is 65 % G/C, which is in keeping with estimates of the overall G/C content of the genome. An examination of codon usage reveals that the OV gene makes almost exclusive use of G/C options for encoding a particular amino acid. For example, all 48 glycine residues are encoded by GGG/C but none by GGT/A; 38 serines are encoded by TCC/G, another 23 serines are encoded by AGC, but the TCT/A and AGT codons are not used; and all 39 tyrosine residues are encoded by TAC rather than TAT. The cumulative effect of this is a 96% G/C usage for codon site 3. The equivalent figure for VAC DNA polymerase is dramatically less, at 28% G/C. In addition to this greater use of G/C coding options for a particular amino acid, the G/C bias in the OV DNA polymerase gene is also apparent when the abundance of particular amino acids is compared with the VAC homologue. For example, the combined totals of isoleucine and valine are the same in both polymerases (128) but they occur in widely different ratios : 39 isoleucines and 89 valines in OV compared with 74 isoleucines and 54 valines in VAC. Alignment of the two protein sequences revealed that only 38 % of the isoleucine residues found in the VAC DNA polymerase are matched by an isoleucine in OV, while a further 38 % align with a valine in OV. These substitutions reflect the A/T-rich nature of isoleucine codons and the G/C-rich coding options available for the closely related amino acid valine. In contrast, an amino acid for which either A/T-or G/C-rich coding is possible is conserved: 71% of the leucine residues found in the VAC DNA polymerase are matched by a leucine residue in OV.
In broad terms, OV and VAC can be regarded as similar organisms growing in similar habitats and the divergence of the coding options used by these two viruses is at odds with their established relatedness. The origin of this divergence and the nature of the pressure that must operate in order to maintain it are unclear. A possible explanation is directional mutation pressure (Sueoka, 1992) resulting from the activity of virus-encoded gene products involved in DNA metabolism, replication or repair. For example, VAC encodes a thymidine (Higgins & Sharpe, 1988) was used to align the OV DNA polymerase with that of VAC (Goebel et al., 1990) , fowlpox virus (FPX) (Binns et al., 1987) and the entomopoxvirus of C. biennis (CBV) (lv]ustafa & Yuen, 1991 ) . Amino acids conserved in all four proteins are marked by '*' in the top line. Also shown (POL) are the residues widely conserved in the family B polymerases (Braithwaite & Ito, 1993) . kinase but we have been unable to identify such a gene in OV (A. A. Mercer, unpublished; , raising the possibility that the absence of thymidine kinase in OV causes a reduction in dTMP and increases the opportunity for G/C-directed mutations. The addressing of such possibilities might be assisted by testing for any drift in the nucleotide composition of an OV DNA fragment carried by a VAC recombinant after the recombinant had been repeatedly passaged. If such drift, presumably to a less G/C-rich content, can be detected then the construction of recombinants in which specific VAC genes have been inactivated and replaced by a functional homologue from OV may allow the testing of candidate genes for a role in driving the drift in G/C-A/T content.
